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ABSTRACT: Triboelectric nanogenerators (TENGs) have demonstrated their promising potential in biomotion energy harvesting. A
combination of the TENG and textile materials presents an eﬀective
approach toward smart fabric. However, most traditional fabric
TENGs with an alternating current (AC) have to use a stiﬀ,
uncomfortable, and unfriendly rectiﬁer bridge to obtain direct
current (DC) to store and supply power for electronic devices.
Here, a DC fabric TENG (DC F-TENG) with the most common
plain structure is designed to harvest biomotion energy by tactfully
taking advantage of the harmful and annoying electrostatic
breakdown phenomenon of clothes. A small DC F-TENG (1.5 cm
× 3.5 cm) can easily light up 416 serially connected light-emitting
diodes. Furthermore, some yarn supercapacitors are fabricated and
woven into the DC F-TENG to harvest and store energy and to
power electronic devices, such as a hygrothermograph or a calculator, which shows great convenience and high eﬃciency in
practice. This low-cost and eﬃcient DC F-TENG which can directly generate DC energy without using the rectiﬁer bridge by
harvesting energy from unhealthy electrostatic breakdown has great potential as a lightweight, ﬂexible, wearable, and
comfortable energy-harvesting device in the future.
KEYWORDS: direct current, fabric, triboelectric nanogenerator, energy harvesting, yarn supercapacitors
in recent years.12−14 Combined with textiles, TENGs have
been used as various self-powered sensors, such as humaninteractive and sensing devices,15−18 pressure sensors19,20 and
acceleration sensors,21 and almost all kinds of biomechanical
energy-harvesting devices, such as walking, running, pulling,
and bending.22−27 However, most textile TENGs for energy
harvest have to use stiﬀ, uncomfortable, and unfriendly rectiﬁer
bridges to transfer alternating current (AC) to direct current
(DC) to power electronic products. No matter how tiny the
rectiﬁer bridge is, it is a cold and power-wasting electronic
component. Moreover, it is basically impossible for the existing
textile technology to produce smart clothing with rectiﬁer

T

he development and application of intelligent devices
or wearable electronic products will continue to grow
rapidly now and for the next decades.1−5 Those
devices focusing on human daily life, such as medical diagnosis
sensors,6,7 human interaction interfaces,8 and human motion
detection equipment,9,10 are more functional and indispensable, which indicates that more energy is needed to ensure a
person’s normal life. Power transmitted from power plants to
units is just part of the power needed for this world, so we have
to rely on energy harvesting from the environment.11 As the
most common dispersed energy, human motion energy is the
best choice for wearable electronics. Compared with other
energy resources (coal and oil) and energy transfer mode (high
voltage transmission for thousands of kilometers), human
motion energy is sustainable, convenient, and eﬃcient.
Therefore, how to harvest biomotion energy becomes very
important.
Triboelectric nanogenerators (TENGs) based on the
coupling of electron transfer and electrostatic induction eﬀects
have attracted increasing attention and have developed rapidly
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Figure 1. Schematic illustration, fabrication process, and working mechanism of the DC F-TENG. (a) Phenomenon of electrostatic
breakdown of clothes in our daily life. (b) Fabrication process and schematic illustration of the DC F-TENG. (c) Photographs of the air
break between the DC F-TENG and the polytetraﬂuoroethylene ﬁlm during contact-sliding motion. (d) Schematic diagrams of the working
principles of the DC F-TENG. (e) Representative electrical output performances of DC F-TENG, including short-circuit current, ISC, shortcircuit charge transfer, QSC, and open-circuit voltage, VOC. (f) Simulated electric ﬁeld distribution before and after electrostatic breakdown of
the DC F-TENG.

nonconductive yarns and PA conductive yarns, which are
separated as two electrodes (electrostatic breakdown yarns and
frictional yarns). The inﬂuence of fabric structure parameters
(16 diﬀerent fabrics) on the output performance was
systematically investigated by experimental testing and
theoretical analysis. This kind of DC F-TENG can provide
high DC output performances. A small DC F-TENG (1.5 cm
× 3.5 cm) can easily light up 416 serially connected lightemitting diodes (LEDs). The VOC (open-circuit voltage), ISC
(short-circuit current), and QSC (short-circuit charge transfer)
of a bigger DC F-TENG (6.8 cm × 7 cm) can achieve about

bridges on a large scale and eﬃciently. At the same time, due
to the high speciﬁc resistance of textile materials, how to
improve antistatic performance is a traditional and hot research
topic.28−33 Based on some previous research about DC
TENGs,34−36 a DC fabric TENG (DC F-TENG) is developed.
Here, a DC F-TENG with the most common plain structure
was designed to harvest biomotion energy by tactfully taking
advantage of the harmful and annoying electrostatic breakdown phenomenon of clothes. The warp yarns of DC F-TENG
are polyamide (PA, nylon-66) nonconductive yarn, and the
weft yarns are composed of two kinds of yarns, PA
B
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Figure 2. Inﬂuence of fabric structure parameters on the output performance of DC F-TENG. (a) Fabric structure parameters which can
inﬂuence the output performances of DC F-TENG. (b) Direct physical factors which can inﬂuence the output performance of DC F-TENG.
(c) Variation of contact area between PA conductive yarns and PTFE ﬁlm with the increase of number (n1) of the frictional yarns from 1 to
6. (d,e) Electrical output performances: (d) ISC and (e) QSC with the increase of number (n) of electrostatic breakdown yarns and the
frictional yarns from 1 to 6. (f,g) Electrical output performances: (f) ISC and (g) QSC with the increase of number (n1) of frictional yarns from
1 to 6. (h,i) Electrical output performances: (h) ISC and (i) QSC with the increase of number (m) of PA nonconductive yarns from 10 to 30.
(j,k) Electrical output performances: (j) ISC and (k) QSC with the increase of repeat times (y) from 1 to 4.

4500 V, 40 μA, and 4.47 μC per motion cycle, respectively.
Moreover, a solid-state yarn supercapacitor (SC) was
fabricated by carbon ﬁber and poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS). Then the soft yarn SCs and PA yarns are woven
as fabric SC. By directly connecting the fabric SC, as a whole
wearable energy-harvesting and storage fabric, the DC FTENG can continually provide DC energy to power a
calculator or a hygrothermograph.

wool-based fabrics, especially in very dry weather, as shown in
Figure 1a. In most case, this is a negative eﬀect. Because it is
very hard to harvest the energy from electrostatic breakdown
on garments, most researchers focus on how to eliminate this
eﬀect through complex chemical treatment on the surface of
yarns and fabrics. Fortunately, based on the mechanism of
electron transfer, the invention of TENGs shows the possibility
to solve this problem. Some works have made progress in how
to collect energy from electrostatic breakdown.
As shown in Figure 1b, a DC F-TENG is interwoven by
warp yarns and weft yarns as a common plain structure. A
three-ply twisted nonconductive PA yarn is chosen as the warp
yarn because the PA yarn is a very widely used insulating textile
material in the world and has high production and excellent

RESULTS AND DISCUSSION
Electrostatic breakdown, or air breakdown phenomenon, is a
very common phenomenon when we rub clothes, such as
C
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the fabric reaches the far left side of the PTFE ﬁlm and moves
from left to right, the air breakdown will not happen anymore
due to no electrons on the surface of the PTFE ﬁlm directly
below the electrostatic breakdown electrode. Then there are no
positive charge transfers from the frictional electrode to the
electrostatic breakdown electrode. As a result, if the DC FTENG moves as cycles (i−ii−iii−iv), the electrons will always
transfer from the frictional electrode to PTFE ﬁlm, then to the
electrostatic breakdown electrode, and then back to frictional
electrode in turn. The representative electrical output performances of the DC F-TENG, including short-circuit current, ISC,
short-circuit charge transfer, QSC, and open-circuit voltage,
VOC, are demonstrated in Figure 1e. To obtain a more
quantitative understanding, we establish a theoretical model of
the DC F-TENG to observe the electric potential distribution
of PTFE ﬁlm and fabric before (Figure 1f-i) and after (Figure
1f-ii) air breakdown by a simple ﬁnite element simulation using
COMSOL Multiphasic software. A detailed illustration of the
charge distribution procedure can be found in Figure S5
(Supporting Information).
In Figure 2, in order to optimize the electrical output
performances of the DC F-TENG, we systematically
investigated the inﬂuence of fabric structure parameters, unit
repeat times (y) and weft yarns’ number (electrostatic
breakdown yarn, n1, the frictional yarn, n2, and PA nonconducting yarn, m). For the accuracy of the test, all of these
fabrics with diﬀerent parameters have the same woven
structure (plain woven fabric) and the same contact-sliding
materials (PTFE ﬁlm). The electrical output performances are
measured using a linear motor to provide periodic contactsliding movements.
In Figure 2d,e and Figure S6a (Supporting Information), six
types of DC F-TENGs with one unit (y = 1, including one
electrostatic breakdown electrode and one frictional electrode)
are designed and tested to investigate the eﬀect of row number
of the yarns on the electrical output performance of DC FTENGs, with n (n1 = n2 = n) increasing from 1 to 6. The row
number of the PA nonconducting yarn remains unchanged (m
= 10). That is, we fabricate six types of DC F-TENGs with two
electrodes, with the area increasing at the same time and other
structure parameters being unchanged. From Figure 2d,e,
when n = 1 and n = 2, the ISC is almost the same, and the QSC
of DC F-TENG (n = 2) is almost twice as big as the QSC of DC
F-TENG (n = 1). With the increase of n from 2 to 6, the ISC
and QSC both decrease. The results are consistent with the
theoretical derivation in Supporting Information, Notes S1 and
S2 (1). Therefore, the DC F-TENG (n1 = 2, n2 = 1, m = 10)
has the highest output performances in these six fabrics.
In Figure S6b (Supporting Information), six types of DC FTENGs with one unit (y = 1) are designed and tested to
investigate the eﬀect of row number of the frictional yarns on
the electrical output performance of DC F-TENGs, with n1
increasing from 1 to 6, m = 10, and n2 = 1. That is, we fabricate
six DC F-TENGs with only the frictional electrode area
increasing and other structure parameters remaining unchanged. As shown in Figure 2f,g, when n1 = 2, the ISC and
QSC is the biggest. With the increase of n1 from 2 to 6, the ISC
and QSC both decrease. The results are consistent with the
theoretical derivation in Supporting Information, Note S2 (2).
Hence, the DC F-TENG (n1 = 2, n2 = 2, m = 10) has the
highest output performances in these six fabrics.
In Figure S8a−c (Supporting Information), three types of
DC F-TENGs with one unit (y = 1) are designed and tested to

performance, such as high breaking strength and high abrasive
resistance. The weft yarns are composed of two kinds of yarns,
PA nonconductive yarns and PA conductive yarns, which are
separated as two electrodes (electrostatic breakdown yarns and
frictional yarns). The PA nonconductive yarn is used to
separate the electrostatic breakdown yarns from the frictional
yarns. A four-ply twisted PA yarn coated with Ag is used as the
conductive yarn because of its perfect conductivity (0.5 Ω
cm−1). The diameters of PA conductive yarn and PA
nonconductive yarn are 0.52 and 0.40 mm, as shown in Figure
S1 (Supporting Information). The area density of the DC FTENG is about 326 g/m2, which is a lightweight normal fabric.
By moving forward and backward on the surface of
polytetraﬂuoroethylene (PTFE) ﬁlm and connecting two
electrodes, we can harvest DC energy continuously. The test
method is demonstrated in detail in Figure S2 (Supporting
Information). When we turn over the DC F-TENG and PTFE
ﬁlm (attached to the acrylic substrate), we can observe the
phenomenon of air breakdown and point discharge by moving
the acrylic substrate forward and backward. The existence of
this phenomenon is conﬁrmed by taking a photo with 30 s
exposure in a dark room, as shown in Figure 1c-i. As a contrast,
the original photograph with no air breakdown is present in
Figure 1c-ii.
The special structure endows the DC F-TENG great
properties for generating direct current by contacting and
sliding with other things, such as a PTFE ﬁlm and a commonly
used fabric. The working mechanism of DC F-TENG based on
air breakdown is illustrated in Figure 1d. For better
understanding, we chose one woven unit (including one
electrostatic breakdown electrode and one frictional electrode)
to analyze the working mechanism.
Under the contact-sliding motion mode, at stage i of Figure
1d, the DC F-TENG slides from left to right and stops at the
end of the right. The surface of the frictional electrode and
PTFE ﬁlm is charged with the same amount of opposite
charges. The PTFE ﬁlm is proven to be negatively charged
because of its ability to attract more electrons than Ag. At stage
ii in Figure 1d, when the DC F-TENG is moving from right to
left under an external force, positive charges will slowly ﬂow
from the frictional electrode to the electrostatic breakdown
electrode. So there will be a small DC of about 7.5 nA, as
shown in Figure S3 (Supporting Information). The electric
potential diﬀerence between the electrostatic breakdown of the
electrode and PTFE ﬁlm will increase during this contactsliding motion. At stage iii in Figure 1d, once the electric
potential diﬀerence exceeds the breakdown voltage (according
to Paschen’s law37), the air will begin conducting. A discharge
between the PTFE ﬁlm and the electrostatic breakdown
electrode occurs due to the electrical breakdown of air. The
electrons will ﬂow from the PTFE ﬁlm to the electrostatic
breakdown electrode, and charge neutralization occurs. At this
time, there will be a big electric potential diﬀerence between
two electrodes, and the electric potential of the frictional
electrode is higher than that of the electrostatic breakdown
electrode. Then there will be a short (e.g., about 0.005 s) and
big current (e.g., about 360 nA) ﬂowing from the frictional
electrode to electrostatic breakdown electrode, as shown in
Figure S4a,b (Supporting Information). At the same time,
there is a small voltage drop (e.g., about 1.6 V), as shown in
Figure S4c,d (Supporting Information). If the DC F-TENG
continues to move toward the left, it will produce continuous
direct current pulse outputs. At stage iv in Figure 1d, as long as
D
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Figure 3. Inﬂuence of test conditions on the output performance and demonstrations of the ability to harvest energy from a DC F-TENG.
(a,b) Electrical output performances: (a) ISC and (b) QSC with the increase of diﬀerent sliding distance from 5 to 30 mm. (c,d) Electrical
output performances: (c) ISC and (d) QSC with the increase of sliding speed from 0.01 to 0.03 m s−1. (e,f) Electrical output performances: (e)
ISC and (f) QSC with the increase of weight from 1 to 4 kg. (g) Output voltage curve at diﬀerent high resistance. (h) Photographs of words
“DC FABRIC TENG” LEDs and DC energy-harvesting device. (i) Photographs of 416 LEDs and DC energy-harvesting device. (j) Enlarged
photograph of the small DC F-TENG used to harvest energy in (h,i). (k) Demonstration of lighting up 115 LEDs marked as letters “DC
FABRIC TENG”. (l) Demonstration of lighting up 416 LEDs.

In Figure S8a,d−f (Supporting Information), four types of
DC F-TENGs with diﬀerent units (y = 1, 2, 3, 4) are designed
and tested to investigate the eﬀect of the fabric woven units on
the electrical output performances of DC F-TENGs. Other
structure parameters are the same (n1 = n2 = 2, m = 10). As
shown in Figure 2j,k, compared with the result of DC F-TENG
with only one unit (y = 1), the ISC and QSC change a lot. When
the units are larger than one (y > 1), the DC F-TENG has
direct current regardless of the moving direction (moving
forward and backward), as well as the QSC. That is because
some frictional electrodes have electrostatic breakdown
electrodes on both sides. When the DC F-TENG moves
forward and backward, air breakdown phenomenon will
happen for same mechanism, as shown in Figure 1d. Based
on the trend of the output in Figure 2j,k, we can conclude that
the ISC and QSC will increase with the unit increasing.
All of the test conditions for the measurement to investigate
the inﬂuence of fabric structure parameters on the electric

investigate the eﬀect of the row number (m = 10,20 and 30) of
the PA nonconductive yarns on the electrical output
performance of DC F-TENGs. That is, we fabricate three
DC F-TENGs with only the distance (dm, Figure 2b) between
two electrodes increasing and other structure parameters
remaining unchanged (n1 = n2 = 2). As shown in Figure 2h,i,
with the increase of m from 10 to 30, the ISC increases from
400 to 760 nA, and the QSC decreases from 57 to 30 nC. The
results of ISC is consistent with the theoretical derivation in the
Supporting Information Note S2 (3). According to Supporting
Information Note S2 (3), the QSC should be the same,
whereas, in fact, the charges will diﬀuse into air from the PTFE
ﬁlm. So the longer the time the charges stay on the surface, the
more charges that escape into the air. That is the reason that
the QSC decreases with increasing m. Therefore, we can
conclude that when we only change dm, the output ISC will
increase with increasing dm, and QSC will decrease with
increasing dm.
E
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Figure 4. Schematic illustration and electrochemical characterization of the yarn SC. (a) Schematic illustration of the yarn SC and the
detailed structure. (b) Photograph of the fabric SC woven by the PA yarn and the yarn SC. (c) Photograph of the fabric SC hanging on a
pencil. (d) CV curves of the yarn SC under various scanning rates (1−200 mV s−1). (e) GCD curves of the yarn SC at diﬀerent current
loadings (5−200 μA). (f) GCD curves of the yarn SC at diﬀerent bending degrees (0−180°). (g) Long-term stability of the yarn SC for 3000
charging/discharging cycles. (h) CV curves of the yarn SC in series connection (1−5 SCs). (i) GCD curves of the yarn SC in series
connection (1−5 SCs).

and the QSC increases linearly with the weight increasing from
0.5 to 2 kg on every frictional electrode. In a word, when the
structure parameters of the DC F-TENG are not changed, the
ISC will increase only when the weight increases. The QSC will
be improved when the moving distance and weight increase.
All corresponding voltage curves of the test in Figure 3a−f are
shown in Figures S13−S15 (Supporting Information). As
shown in Figure 3g, the voltage drops on the resistance nearly
increases with the load linearly when the load resistance
increases from 100 to 1000 MΩ. The good linearity exhibits a
stable DC output with this kind of TENG at a high load
resistance. In order to prove the output current is DC and to
demonstrate the ability of this DC F-TENG as a power source,
some movies are provided with this paper. As shown in Figure
3h and Movie S1, when we slide the small DC F-TENG
(Figure 3j, enlarged view of the DC F-TENG in Figure 3i)
with PTFE ﬁlm, “DC FABRIC TENG” (115 LEDs) can be
suﬃciently lighted up. However, no light emission can be
observed when the two electrodes are connected to the device
with reversed polarity, which directly proves that the output is
DC. When we connect the small DC F-TENG with 416 LEDs
on two breadboards (Figure 3i), these LEDs can be easily

output performance are the same. That is, the weight on every
frictional electrode is 1 kg; the moving velocity is 0.01 m s−1,
and the moving distance is 20 mm. All corresponding voltage
curves of the test in Figure 2 are shown in Figures S9−S12
(Supporting Information).
In order to better understand the working mechanism of the
DC F-TENG and to obtain higher output, we change the
moving distance, velocity, and weight to investigate the
inﬂuence of test conditions. Some DC F-TENGs are taken
as the testing samples in Figure 3. The structure parameters of
the DC F-TENG tested in Figure 3a−d,g are n1 = n2 = 2, m =
10, and y = 1. The structure parameters of the DC F-TENG
tested in Figure 3e,f are n1 = n2 = 2, m = 10, and y = 2. As
shown in Figure 3a,b, where moving velocity is 0.01 m s−1 and
weight is 1 kg, the ISC almost remains at the same value (about
0.4 μA) and the QSC will increase linearly with the moving
distance increasing from 5 to 30 mm. As presented in Figure
3c,d, where the moving distance is 30 mm and weight is 1 kg,
ISC and QSC remain unchanged. It is clear that diﬀerent moving
velocity will not aﬀect the electrical output performances of the
DC F-TENG too much for every motion cycle. As
demonstrated in Figure 3e,f, where the moving distance is 30
mm and moving velocity is 0.01 m s−1, the ISC increases slightly
F
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Figure 5. Applications and electrical output performances of the DC F-TENG. (a−c) High electrical output performance: (a) ISC, (b) VOC,
and (c) QSC of the DC F-TENG (6.8 cm × 7 cm). (d) Demonstration of charging the fabric SC (6 cm × 6 cm) by DC F-TENG (6.8 cm × 7
cm) to power a hygrothermograph. (e) Circuit diagram of the self-charging textile integrated by the DC F-TENG and fabric SCs. (f)
Charging curves of fabric SCs (three in series) by DC F-TENG. The inset pictures are a calculator (left) and a hygrothermograph (right)
powered by the fabric SC. (g) Schematic illustration of driving the DC F-TENG by hand. (h,i) Photograph demonstration that LEDs marked
with letters “DC” can be lighted up by sliding the DC F-TENG with a coral velvet fabric on the wrist.

0.8 V, which indicates faradaic pseudocapacitance characteristic of this yarn SC. The large slightly gradient plateau of the
CV curves shows a good capacitive behavior. The GCD curves
of the yarn SC at diﬀerent current loadings (5−200 μA) are
shown in Figure 4e. All of the curves are nearly symmetrical
triangle-shaped, and the small IR voltage drop (ohm drop, 23
mV for 5 μA) shows high electrical conductivity of the
electrodes. The mechanical and electrochemical stability are
important for wearable products. As shown in Figure 4f, the
GCD property is measured under diﬀerent bending angles (0,
45, 90, 135, and 180°). Almost no obvious change is observed
in the charge−discharge curves at a current loading 100 μA,
indicating the great ﬂexibility of the yarn SC. Figure 4g shows
that the great durability that the capacitance retention is 87.5%
after 3000 charging/discharging cycles at a current loading of
100 μA. According to the CV curves with diﬀerent highest
voltages (0.8, 1.0, 1.2, 1.4, 1.6 V), the highest working voltage
should be set as 0.8 V (Figure S17a, Supporting Information)
for the good performance of the CV curve at 0.8 V. By being
woven in a plain woven fabric, the mechanical stability will be
improved for the very stable plain structure of woven fabric.
Therefore, the yarn SC and the fabric SC can maintain their

lighted up, which indicates the high output performances of
the DC F-TENG (Figure 3l and Movie S2).
Yarn and fabric SC were fabricated to store energy for the
DC F-TENG. Figure 4a shows the schematic illustration of the
yarn SC. The yarn SC consists of two parallel bunches of
carbon ﬁbers (Figure S16a, Supporting Information) coated
with Naﬁon and PEDOT:PSS and solid-state H3PO4/poly(vinyl alcohol) (PVA) gel as the electrolyte (Figure S16b,
Supporting Information). The detailed fabrication processes
can be found in the Methods section. This ﬂexible yarn SC can
be easily woven as a fabric SC (Figure 4b and Figure S16c,
Supporting Information) or fabricated with the DC F-TENG
as a whole self-charging power system Figure S16d, Supporting
Information). Figure 4c presents the good ﬂexibility and
perfect softness of the fabric SC. To conﬁrm the capacitive
storage performance of the yarn SC, the electrochemical
capacitance properties of this yarn SC are measured by cyclic
voltammetry (CV), galvanostatic charging/discharging
(GCD), and electrochemical impedance spectroscopy (EIS)
techniques without a reference electrode. In Figure 4d, the
rectangle-like CV curves of the yarn SC under various scanning
rates (1−200 mV/s) have two peaks when potential is 0 and
G

https://dx.doi.org/10.1021/acsnano.0c00138
ACS Nano XXXX, XXX, XXX−XXX

ACS Nano

www.acsnano.org

Article

CONCLUSION
In summary, a direct current fabric triboelectric nanogenerator
(DC F-TENG) with the most common plain structure is
designed to harvest biomotion energy by tactfully taking
advantage of the harmful and annoying electrostatic breakdown phenomenon of clothes. This kind of DC F-TENG
consists of common PA yarns as warp and weft yarns and PA
conductive yarns as weft yarns. Sixteen fabrics are woven to
systematically investigate the inﬂuence of structure parameters
and test conditions on the output performances of the DC
fabric-based TENG by experimental testing and theoretical
analysis. A small size (1.5 cm × 3.5 cm) DC F-TENG can
easily light up 416 LEDs, and the VOC, ISC, and QSC of a larger
DC F-TENG (6.8 cm × 7 cm) can achieve about 4500 V, 40
μA, and 4.47 μC per motion cycle, respectively. Moreover, due
to the special working mechanism, the DC F-TENG shows an
eﬃcient energy conversion by harvesting human motion
energy and directly storing it in fabric SCs without any
rectiﬁer bridge or diode. In this self-charge power system, a
hygrothermograph or a calculator can work well only after less
than 1.5 min of human motion energy harvesting. With the
consideration of this excellent performance, the low cost and
high eﬃciency of the DC F-TENG has great potential as a
lightweight, ﬂexible, wearable, and comfortable energy-harvesting device in the future. Furthermore, this work provides a
signiﬁcative direction for textile-based TENG in harvesting
direct current energy by making use of the air breakdown
phenomenon and enabling its promising use in power supplies.

good mechanical and electrochemical performances in our
daily life. The Nyquist plot of the Faber SC is tested by EIS
from 0.01 Hz to 10 kHz, as presented in Figure S17d
(Supporting Information). There is no obvious semicircle at
high frequencies, indicating that there is a good electrical
contact between the carbon ﬁbers and H3PO4/PVA.
In addition, in order to satisfy diﬀerent rated voltage and
power requirements for diﬀerent electronic devices, some yarn
SCs are connected in series for higher voltage supply and
parallel for higher power supply. With the way we wove the
yarn SCs with free electrodes (Figure 4b), we can change the
connection method (in series or parallel) to power diﬀerent
electronic products. The CV and GCD curves of the yarn SCs
connected in series with diﬀerent numbers (1 to 5) are
displayed in Figure 4h,i, respectively. The good electrochemical behavior of yarn SCs connected in series demonstrates that these yarn SCs provide higher voltage and work
well by increasing the number of them. On the other hand,
these yarn SCs can oﬀer larger capacitance by connecting in
parallel, as shown in Figure S17b,c (Supporting Information).
The Nyquist plots of the Faber SC connected in series and
parallel are shown in Figure S17e,f (Supporting Information).
In one word, free combination and excellent stability give these
yarn SCs a wide range of applications.
A DC F-TENG (n1 = n2 = 2, m = 10, y = 8) with large size
(6.8 cm × 7 cm) was woven, as shown in Figure S18a
(Supporting Information) and Figure 5d (lower right corner).
The VOC, ISC, and QSC of this large DC F-TENG (6.8 cm × 7
cm) can easily achieve about 4500 V, 40 μA, and 4.47 μC per
motion cycle, respectively, as shown in Figure 5a−c.
Combined with the fabric SC (3 yarn SCs in series), the
energy harvested from human motion by the DC F-TENG can
be directly stored in the fabric SC without a rectiﬁer bridge or
diodes, which can make it possible to drive wearable
electronics. As presented in Figure 5d and Movie S3, through
sliding the DC F-TENG on the surface of the PTFE ﬁlm in a
short time about of 1 min and 10 s, a hygrothermograph can
work in about 10 s. In Figure S18b and Movie S4 (Supporting
Information), through sliding the DC F-TENG on the surface
of PTFE ﬁlm in about 1 min and 20 s, a calculator can be
turned on with a “beep” sound. After we turn oﬀ the voice
switch, the calculator can give a right answer “16” when we
input “8” plus “8”. The circuit design of the self-charge power
system is very simple and eﬃcient, as shown in Figure 5e. This
simple circuit can transfer human motion energy into electric
energy eﬃciently without losing energy in other electronic
components. The real time voltage curves of fabric SC are
shown in Figure 5f when we use the self-charge power system
to power the hygrothermograph and calculator. The insets in
Figure 5f are the operating state of the hygrothermograph and
the calculator. In our daily life use, we can also drive the DC FTENG by our hand without using any press plate, as shown in
Figure S2c (Supporting Information). As shown in Figure 5g,
we can press and move the DC F-TENG by our hand on the
surface of a ﬁlm or fabric. In Figure 5h,i and Movie S5
(Supporting Information), the LEDs marked with the letters
“DC” can be lighted up by sliding the DC F-TENG on a coral
velvet fabric (PET fabric). All of the demonstrations and data
indicate that this self-charge power system consisting of a DC
F-TENG and fabric SCs has wonderful potential applications
as a sustainable and eco-friendly power source for wearable
devices.

METHODS
Fabrication of the DC F-TENG. This DC F-TENG is easily
fabricated by using a self-designed mold. It imitates the mature
manufacturing technique which has already existed in the textile ﬁeld
for a long time and was suitable for large-area industrial production. It
is woven by weft yarns and warp yarns. The warp yarn (PA yarn) is
wound around the self-designed mode with 20 rows. The weft yarn
(PA yarn, PA yarn coated with Ag) is interwoven with the warp yarn
every other yarn.
Fabrication of the Yarn SC. The carbon ﬁber bundles were ﬁrst
ultrasonically cleaned in acetone, ethanol, and deionized water for 10
min. After the carbon ﬁber bundles were dried in an 80 °C oven for
30 min, the carbon ﬁber bundles were homogeneously coated with
Naﬁon alcohol solution and dried again in the oven. PEDOT:PSS was
mixed with ethylene glycol and Triton X-100 under sonication for 5
min. Then, PEDOT:PSS was drop-coated on the carbon ﬁbers,
followed by annealing at 100 °C for 20 min. The procedures were
repeated twice to increase the loading of PEDOT:PSS. Two asprepared carbon-ﬁber-based electrodes were coated with PVA/H3PO4
(1 g of PVA and 1 g of H3PO4 in 10 mL of deionized water) gel
electrolyte and assembled with a cellulose separator. After the PVA/
H3PO4 gel solidiﬁed at room temperature, the ﬂexible yarn SC was
obtained.
Device Characterizations. The surface morphology of the silvercoated PA yarn, as well as PA nonconductive yarn, was characterized
with a ﬁeld emission scanning electron microscope (SU-8010,
Hitachi). The electrical output (VOC, ISC, and QSC) of the fabricbased TENG during sliding was implemented by a linear motor and
an electrometer (Keithley 6514 system).
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